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The basic properties and design criteria of superconducting cavities for
electron accelerators are discussed with special emphasis on the
following topics:  technical motivation for the use of superconducting
cavities; design and production;  surface resistance;  the critical field of
superconductors;  anomalous losses;  materials other than niobium;
technological achievements for accelerating cavities.
1 . INTRODUCTION
High-energy physics has prospered for the last few decades thanks largely to progress in
particle accelerator techniques.  The quest was always for larger centre-of-mass energies and
larger luminosities.  The most recent accomplishment is the operation at centre-of-mass energies
between 91 GeV and 2 TeV of LEP at CERN, SLC at SLAC, HERA at DESY and the
Tevatron at Fermilab.
An increasingly demanding problem is how to reduce investment and operation costs of
such large accelerators.  For this reason the benefits of superconductivity are exploited for
magnets (at Tevatron and HERA) and RF cavities (at LEP and HERA).  To combine larger
energies with affordable costs is different for proton and electron accelerators.  Circular
accelerators offer a cost-effective way to obtain high energies because the particles traverse the
accelerating sections many times.  The energy limit is determined by the emission of
synchrotron radiation, which increases with the fourth power of g , the ratio of the particle
energy over its rest mass.  Accelerators for protons, a relatively massive particle, are still far
away from this limit.  Therefore future proton accelerators such as the LHC at CERN will be
circular machines.  On the other hand, circular accelerators for electrons, relatively light
particles, emit large amounts of synchrotron radiation.  An estimation shows [1] that future
accelerators for electrons will be linear colliders like the SLC at Stanford, the pioneering one.
The reason is that the investment costs are proportional to the length (for linear colliders) or the
circumference (for circular colliders).  For a beam energy E and an accelerating gradient g, they
are proportional to E/g and to E2/ Ö g, respectively.  Hence, above a certain energy a linear
collider is cheaper.  Since particles will traverse the accelerating section only once, it is essential
to have high accelerating gradients.
The other demanding need is to keep the mains power as low as possible for a given
luminosity and particle energy; in other words, the efficiency of transforming mains power to
beam power should be at maximum.  In principle, radio-frequency (RF) super-conductivity is
supposed to provide a technical solution for both constraints, that is a high accelerating gradient
and high mains-to-beam-power conversion efficiency.
2 . TECHNICAL MOTIVATION FOR THE USE OF SUPERCONDUCTING
CAVITIES
2 . 1 The Mains-to-Beam-Power Conversion Efficiency
Electrical power from the mains to the beam is transferred via the following chain:  high-
voltage power supply — klystron — waveguide — RF cavity — beam.  For the time being the
largest power loss has to be tolerated between the RF cavity and the beam.  In order to establish
the accelerating voltage V in the cavity, RF currents are induced at its surface generating the heat
Pc.  A shunt impedance R = V2/(2Pc) is defined to account for these RF losses.  R should be as
large as possible.  RF accelerating cavities manufactured from high-conductivity copper have
shunt impedances (per unit length) of typically 10–15 M W /m.  With the beam current Ib (d.c.
component), the beam power Pb = VIb (for the particle riding on the crest of the RF wave), the













For the LEP RF cavity (copper) with R  = 43 M W , Ib = 6 mA, V = 3 MV we get
h  »  15%.
As can be inferred from Eq. (1), normal-conducting (nc) cavities made from copper offer
high conversion efficiencies for high beam currents and low accelerating voltages.  The shunt
impedance R of an RF cavity is related to its Q value by R = (R/Q) Q.  (R/Q) is independent of
the RF frequency and is determined by the geometry of the cavity.  The Q value for its part is
inversely proportional to the surface resistance Rs, Q = G Rs–1, with G another geometrical
constant (of typically 250 W ).  Hence, in order to have large shunt impedances, we are faced
with the development of RF cavities with surfaces of low surface resistance.
2 . 2 The Cryogenic Efficiency
It is the large ‘improvement factor’ of the shunt impedance (~ 105) compared with
conventional copper cavities that makes superconducting (sc) cavities so attractive.  However,
the dissipated power Q2 = Pc has to be removed at cryogenic temperatures, in common practice
at the boiling temperature under normal pressure of liquid helium, T2 = 4.2 K (Fig. 1).  Hence,
the entropy current S = Q2/T2 which, according to the second law of thermodynamics, in the
ideal (reversible) case is Q1/T1 at room temperature T1 »  300 K.
Fig. 1  Schematic power flow in a refrigerator
According to the first law of thermodynamics, the power
˙Wc = Q1 − Q2 = Q2 Q1 Q2 −1( ) = Q2 T1 T2 −1( ) (2)
has to flow into the compressor.  The Carnot efficiency h c for a refrigerator is defined as
ηc = Q2 / ˙Wc = T2 / T1 − T2( ) . (3)
For T1 = 300 K and T2 = 4.2 K, h c = 1/70.  The ‘thermodynamic efficiency’
ηtd = ˙Wc / ˙W (4)
is the ratio of the power ˙Wc  needed to operate the compressor in the ideal case
to the 'real' power ˙W .  The total cryogenic efficiency is
ηcr = Q2 / ˙W = Q2 / ˙Wc( ) ˙Wc / ˙W( ) = ηcηtd . (5)
With h td »  0.3 for large units the total cryogenic efficiency is h cr = 4.5 ·  10–3.
Unavoidably, in an sc accelerator some power Pcr flows into the liquid He, even in the absence
of RF (standby heat load of cryostat).  The efficiency h  for a sc accelerator of RF-to-beam
power conversion is then
η = 1 + Pc + Pcr( ) / Pbηcr( )[ ]−1 . (6)
As an example, for the sc cavity and cryostat for LEP with P c = 50 W, Pb = 50 kW
and Pcr = 25 W, we obtain a total efficiency of h  = 0.75, which is larger by a factor of 5 than
for a conventional RF system (Table 1).
Table 1
RF-to-beam-power conversion efficiency h   for nc and sc cavities for the e+e- collider LEP
nc sc
Beam current 6 6 mA
Accelerating voltage 3 8.5 MV
Field gradient 1.4 5 MV/m
Shunt impedance R 43 3150 1) MW
Pc 105000 52 @ 4.2 K W
Pb 18000 51000 W





1) including the total cryogenic efficiency h cr
2 . 3 Lower Impedance of sc Cavities
Normal conducting cavities are optimized for a high shunt impedance.  The dissipated RF
power to be removed gives the performance limit, and issues of low-surface electric and
magnetic fields are of minor importance.  Therefore these cavities are designed as shown
schematically in Fig. 2 (top).
Superconducting cavities, on the contrary, are designed for low-surface electric fields and
other features (e.g. to avoid electron multipacting or to efficiently extract the power which the
beam transfers into the higher order modes).  Issues of high shunt impedance are of minor
importance, because it is sufficiently large thanks to the sc material.  A typical value is 1 GW /m
(including the total cryogenic efficiency h cr).  Hence larger iris openings and a rounded shape
are used [Fig. 2 (bottom)].
As sc cavities have a larger field gradient (about a factor 4) and a larger iris diameter, they
present more than a factor 10 lower impedance (for the same accelerating voltage) to the beam
compared to nc cavities.
The rise time of beam instabilities is inversely proportional to the product of impedance
and current.  The beam remains stable if the rise time is longer than the damping time of
synchrotron and betatron oscillations.  There is a minimum tolerable rise time, and,
consequently, the maximum current is inversely proportional to the impedance.  Hence the
advantage of sc cavities over nc cavities.
Fig. 2  Cavity shape (schematic): the nc cavity (top) represents a larger impedance to the beam
due to the smaller beam holes and nose cones compared with the sc one (bottom).
3 . DESIGN AND PRODUCTION
3 . 1 The Choice of Gradient and Cost Limits
The maximum gradient  is not necessarily that for which the construction cost is a
minimum. This also depends on the type of machine (accelerator tunnel layout, luminosity,
beam energy etc.).  However the larger the accelerator the more important become economical
constraints.
If the total RF voltage, V, is fixed, the total costs are given by three terms.  The first one
is proportional to the total length L of the cavities (or cryostats), the second one is proportional
to the total RF power PRF to be transmitted to the beam (independent of L), and the third one to
the cooling power (the power Pd dissipated in the RF cavities), hence inversely proportional to
the shunt impedance or total length L.  The cost minimum is located where the first and third
term are equal.  The following example is based on numbers, which are close to CERN’s
experience [2].  Figure 3 displays these three terms and their dependence on the accelerating
gradient Ea (which is for constant V  = E a·L  inversely proportional to L).  It shows that a
gradient of about 10 MV/m is an optimum choice for this particular application.
However, having in mind even larger applications, such as the sc linear collider TESLA
under design, at higher frequency (1.3 GHz) and higher energy (500 GeV), costs will increase
by at least an order of magnitude compared to the largest existing accelerators.  There are two
major contributions (which depend on Ea), linear investment and cooling power costs.  The
latter may be reduced (technical Q-values being in the 109 range) by pulsing the accelerator.
The former has to be reduced by novel and more economic industrial production methods.  At
CERN, coating the copper substrate cavity with thin sc layers of Nb [3], which can be













Fig. 3  Cost estimate for an sc RF system (f = 352 MHz, V = 2 GV, 12 MW RF power,
5 W/m standby heat load, Q0= 4·109).
3 . 2 The Choice of the Operating Frequency
































where we have made use of the definition of r/Q = Ea2/(2 w U/L), Q = w U/Pc, V = EaL,
RsQ = G, the geometry factor.  U is the stored energy, Ea the accelerating gradient, RsBCS the
BCS part of the surface resistance, and Rs0 its residual part (cf. sections 4.1 and 6.1).  Now we
shall look at the dependence on the frequency f of the different factors.  From Fig. 8 (see
below) we learn that for niobium the condition RsBCS » Rs0 is valid for frequencies larger than
3 GHz, and the condition RsBCS « Rs0 is valid for frequencies smaller than 300 MHz:
  













»Rres,  f > 3 GHz
f ,  RsBCS«Rres,  f < 300 MHz
(8)
To maximize r, we are forced to prefer lower frequencies for f ‡  3 GHz, and higher
frequencies for f < 300 MHz.  Therefore, neither very low nor very high frequencies are useful,
and b  = 1 accelerating structures are operated between 300 MHz and 3 GHz, approximately.
3 . 3 Design Criteria
The most critical part of an sc cavity is the surface.  This comes from the fact that the
current flows with nearly no losses.  Any contamination on the surface will give rise to extra
heat and will drastically increase the losses.  Due to the low thermal capacity at low
temperatures even a minute heat source may provoke a large increase in temperature.
Superconductivity may be destroyed.  Therefore the critical steps of the assembly are done in
clean rooms of class 100 and lower (Fig. 4 [5]).
Fig. 4  Four-cavity module for LEP being equipped with HOM and power couplers in a class
100 clean room
Local heat sources may also be created by electron impact (multipacting or field
emission).  The former can be suppressed by the choice of the geometry (“spherical”
cavities [6]).  The latter may be reduced to tolerable levels by rinsing the surface with ultrapure
agents (mostly water and methanol) and avoiding any dust precipitation during assembly.  Other
considerations are: economy of fabrication (spinning and deep drawing of sheet metal), the
reduction of any heat leak (coaxial couplers), the efficient removal and dissipation at room
temperature of higher order mode (HOM) induced power, no or few mobile mechanical parts at
cryogenic temperatures, and attachment of sensors at critical parts to probe the local vacuum,
temperature and e--current.
Nowadays the design for b  = 1 cavities and cryostats is largely converging as shown in
Figs. 5 and 6.
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Fig. 5  Cryostat and cavity design for b = 1 accelerating structures at different frequencies
(approximately to scale)
The following is a summary of the design criteria and state of the art:
• Access must be possible to the cryostat’s vital parts without either the vacuum having to be
broken or the cryostat having to be dismounted from the beam line
• All ancillary equipment to be cleaned according to the standards of cleaning the cavity
• Rinsing to be done with clean and dust-free fluids
• Assembly to be done under dust-free conditions
• Spherical shape to avoid e--multipacting with slightly inclined iris to facilitate the drainage of
rinsing fluids
• Metal sheet forming
• Minimizing of mechanical vibrations
• Compact coaxial antenna type couplers for RF power input and HOM power damping
• RF windows — if possible — between beam and insulation tank vacuum to minimize
consequences of break
• No holes in the cavity proper:  couplers attached to the beam tube
• Number of cells limited: careful computer-aided designing of cavity geometry imperative
• Vacuum, e- and temperature sensors available at critical regions of power coupler
• Frequency tuners without moving parts.
Fig. 6 Fully equipped four-cavity module for LEP.
4 . SURFACE RESISTANCE
4 . 1 The Surface Impedance of Superconductors
Suppose a plane wave propagating in x-direction towards an sc metal sheet in the y-z
plane. The metal is supposed to contain sc and nc electrons (two - fluid model). Only the nc
component interacts with its environment; the sc component carries current without interaction.
The RF magnetic field penetrates this sheet to within the penetration depth l L.  According to the
Maxwell equation curl E = –¶ B/¶ t, the RF magnetic field is accompanied by an electric field in
the y  plane Ey = j w l LBz = j w l L m 0Hz = j w l L m 0Hz0 exp(–x/ l L).  This interacts with the nc
electrons (still present at non-zero temperatures) and gives rise to a power dissipation per square
metre
Pc = σn 2( ) Ey2 x( )
0
∞
∫ dx = 1 4( )λLσnEy02 = 1 4( )ω 2µ02λL3 σnHz02 . (9)
s n is the conductivity of the nc electrons.
By definition, Pc = (1/2) Rs Hz2, and we obtain
Rs = 1 2( )ω 2µ02λL3 σn . (10)
l L is the characteristic penetration depth of a static or microwave magnetic field in a
superconductor such as niobium (London penetration depth l L= [m/(nse2 m 0)]1/2). l L depends
on the density ns and mass m of the sc electrons. s n is proportional to the density of the nc
electrons, which decreases with the temperature according to a Boltzmann law, with the energy
gap D  as the characteristic energy.  The precise theory will result in an expression for the so-
called BCS surface resistance (from the inventors of the microscopic theory of
superconductivity,     Bardeen,     Cooper and    Schrieffer).  It can be approximated for T  < Tc/2 as
(Tc is the critical temperature of the superconductor)
Rs = A T( )ω 2 exp −∆ / kT( ),  2∆ ≈ 3.5kTc . (11)
The w 2 dependence of the surface resistance is a consequence of the frequency-
independent penetration depth [7].  Measurements of the temperature and frequency
dependence of the BCS surface resistance are shown in Figs. 7 and 8 [8,9].
Fig. 7  Surface resistance of a 3 GHz niobium sheet cavity (RRR = 40) vs.  Tc/T.  The residual



















Fig. 8  BCS surface resistance RsBCS of niobium vs.  frequency at 4.2 K (extrapolated to
1.8 K).  Lowest residual surface resistance data are indicated at the bottom.
Table 2
Comparison of superconductor (two-fluid model) with normal conductor
Superconducting metal Normal-conducting metal
curl H = j+ e 0(d/dt)E
curl E = – m 0(d/dt)H 
div H = 0
div E = 0
(d/dt) j = E/( m 0l L2) + s n(d/dt)E
curl j = –H/ l L2 – s n m 0(d/dt)H
j = s nE
D  E = –K2E
D  H = –K2H
K2 = – l L–2 (1 + i s n m 0wl L2 – e 0m 0w 2 l L2 )
Zssc = (1/2) w 2 m 02 l L3 s n – w m 0l L ,
e 0m 0w 2 l L2 « s n m 0wl L2 « 1 .
K2 = e 0m 0w 2(1 – i s n/(w e 0 ))
Zsnc = ( w m 0d /2)(1 – i) =
Ö [w m 0/(2 s n)](1 – i), w e 0/s n « 1 .
Effective electron mass m Surface impedance Zs = (Ez/Hy)|x=0 = m 0w /K
Electron mean free path l Skin depth d = Ö [2/( m 0s n w )]
Conductivity of the nc electrons s n = lnne2/(mvF) Fermi velocity vF
London penetration depth l L = Ö [m/(nse2m 0)] Density of nc electrons nn
Density of sc electrons ns
The surface impedance for the sc and the nc case is derived more formally in Table 2. For
the former, the constituent equations are the London equations (3rd row), for the latter the
constituent equation is Ohm’s law. These go together with the Maxwell equations (2nd row),
which are always valid. The surface impedance is a complex number; in the nc case the real part
(surface resistance) is equal to the imaginary part (surface reactance), whereas in the sc case
they are different. The surface resistance as indicated in eq. 10 is reproduced, and the surface
reactance is proportional to the penetration depth l L.
For the sake of completeness it should be mentioned that the surface resistance Rs
depends through l  on the mean free path of the electrons   l  [10] and hence the RRR  value (the
residual resistivity ratio RRR  is the ratio of the resistivity at room temperature and low
temperature in the nc state).  For niobium, there is a minimum of the surface resistance at about
RRR = 7.
5 . THE CRITICAL FIELD OF SUPERCONDUCTORS
In d.c. the external magnetic field starts penetrating the sc material at the critical field Bc
(type I) or Bc1 (type II superconductors).  For RF this is not true for reasons which are not
completely understood.  It is believed that the creation of nc islands in the sc metal needs a
period of time which is larger than one RF period.  The limiting field in RF superconductivity is
therefore larger than both Bc and Bc1, and is called the critical superheating field Bsh [11].
With de Gennes [12], the relevance of Bsh can be understood as follows. The entry of a
vortex line into the bulk of a superconductor is governed by two forces (Fig. 9). The first one
is due to the fact that the shielding currents of a line only have a component tangential to the
surface (the normal component vanishes),   
rj⊥ = 0 .  This boundary condition can be easily
assured by the superposition of two lines, the original one and its mirror image with respect to
the metal surface.  The force between these two lines decays exponentially with twice the
distance xL between the line and the metal surface (~exp(-2xL/l )).  One can convince oneself of
the attractive nature of this force and of its independence of the RF magnetic field amplitude B.
The second force is created by the line and the RF currents   
rj , which are proportional to
B .  This force is repulsive and decays exponentially with a characteristic length xL
[~exp(-xL/l )].  The superposition of these two forces results in three cases to be distinguished
(Fig. 10):
(a) For B smaller than the lower critical magnetic field Bc1, B  < B c1, the attractive
interaction between line and image line is dominant, thus preventing the entry of the line into the
bulk.
(b) For Bc1, < B < Bsh, the attractive interaction beats the repulsive one for small xL, in
such a way that a surface barrier still prevents the line from entering into the bulk.
(c) For large B, B > Bsh, this surface barrier has disappeared and the line enters the bulk.
Fig. 9  Forces acting on a vortex line entering a superconductor: an attractive force between the
line and its image (independent of the RF magnetic field amplitude B) opposes the entry of the
vortex line into the bulk (upper part), a repulsive force between the line and the RF currents j
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Fig. 10  The Gibbs potential G vs the distance from the metal surface xL/l  of the vortex line. G
is a superposition (full line) of an attractive and a repulsive interaction (dotted lines). These two
forces have different characteristic lengths of exponential decay (indicated by the arrows).
Depending on the RF magnetic field amplitude B , G > 0, the line cannot enter (a), G has a
barrier for small xL, the line still cannot enter (b), and G < 0, the line can enter (c).
A series of experiments on small samples of Sn-In and In-Bi alloys indicates that the
limiting field in RF is indeed Bsh for type I and type II superconductors [13].  This seems to
be confirmed by Fig. 11, where maximum magnetic fields experimentally obtained under RF
conditions (normalized to Bcth) are compared with various critical fields (Bc1, Bc2, Bc3, Bsh) as
a function of the Ginzburg-Landau parameter k .  All data are compatible with the assertion that
the limiting field in RF is indeed Bsh.
If this is confirmed, then very high magnetic fields can, in principle, be hoped for in sc
accelerating cavities.  With typically 4 mT RF surface magnetic field per MV/m accelerating
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Sn 0.086 30.9 3.11 13
3.24 13




Pb 0.5 80.4 0.98 15
1.38 14
1.46 14
Nb 0.9 ~ 200 0.815 16,17
1.17 18
1.96 18
Nb3Sn 22.8 ~ 535 0.199 19




Bcth thermodynamic critical field
Bexp experimentally obtained maximum field in
RF
The index '0' refers to the temperature T = 0 K.
Fig. 11 Critical fields of different nature (1st and 2nd critical field Bc1, Bc2, surface critical field
Bc3, and superheating critical field Bsh, normalized to the thermodynamic critical field Bcth) vs.
the Ginzburg-Landau parameter k : Maximum magnetic fields obtained under RF are indicated
as dots.
6 . ANOMALOUS LOSSES
6 . 1 Phenomenology
As has been seen up to now, there should be no reason for accelerating fields of
60 MV/m in sc niobium cavities not being obtained.  By lowering the temperature of the liquid
He bath sufficiently, the RF losses should be negligibly small.  At 350 MHz and 2 K, as an
illustration, the sc LEP accelerating cavities should have a Q value of 8 ·  1011 and dissipate
only 30 W at 60 MV/m accelerating gradient.  Nevertheless, experimentally obtained best
results in these cavities are Q = 3 · 109 with about 200 W dissipated power at 10 MV/m
accelerating gradient.  Unfortunately, several phenomena, in general not directly linked to RF
superconductivity, make this goal hard to achieve.  Some typical performance limits are also
visible in Fig. 12.
Diagnostic tools have been developed that allow the study of performance limits.  Firstly,
the response of the cavity to an RF pulse can now be analysed [20].  Secondly, from the
Q  vs. E   curve, information on the status of the cavity can be drawn.  Thirdly, a most
powerful diagnostics device is the recording of the surface temperature of the cavity at high
field by temperature sensors (“temperature mapping” [21,22], Fig. 13).
Performance limits go together with a specific mechanism of RF loss, which we will call
“anomalous”.  These mechanisms are commonly observed, but they are atypical of a surface as
described in the framework of the BCS theory, being free from impurities and contamination.
Fig. 12  Rs (Tc/T) and Q(Ea) curves that show typical performance limits
Fig. 13  Rotating arm temperature sensors on 1.5 GHz niobium coated copper cavity
Residual loss is independent of the temperature.  The physical origin is not well known in
most cases; what could be identified is loss from dielectric materials and trapped magnetic flux.
A “quench” is often observed in niobium cavities made of industrial grade niobium
without post-purification. A quench is caused by nc inclusions and other imperfections
(welding beads, residuals from the cleaning treatment). These inclusions are heated up in the
RF magnetic field and drive the sc metal near by into the nc state.  Then an instability shows up:
the stored energy of the cavity is dumped in this nc region, by this action the RF field in the
cavity is abruptly decreased.  At low RF field, the RF dissipation is again low enough for the
niobium to go back into the sc state.  As the RF coupling has been adjusted for this situation,
the cavity fills up again with RF energy until the cycle starts as described above (‘self-pulsing
breakdown’).
Electron multipacting (from multiple impact) is an electron multiplication phenomenon
which can happen if the secondary electron emission coefficient is larger than 1.  As the
electrons are resonant with the RF field amplitude, multipacting is visible at distinct field levels.
If the electron trajectories are restricted to a point of the surface (by electron kinematics in the
RF field), the currents can be sufficiently high to dissipate enough power to induce a
breakdown in spite of the low impact energy (about 50–1500 eV).  Properly cleaned niobium
cavities (low d ) of rounded shape have been shown to be virtually free of multipacting [6].
Field emission is another loss due to electron impact.  The current is generated by the
large electric surface field at point-like emitting sites (e.g. dust particles).  Contrary to electron
multipacting, the current is relatively small (~ nA), but the impact energy is large (~ MeV).  The
current increases exponentially with the RF surface field amplitude, so that the gradient is
limited even when the RF power is increased.  Here also, breakdown may occur.  In addition,
heat and large amounts of X-radiation are generated by bremsstrahlung of the electrons when
stopped at the cavity wall.
Non-quadratic loss manifests itself by a non-horizontal Q vs. E curve.  It is often
observed in cavities coated with niobium or other materials (NbN, NbTiN, YBaCuO).  It is
hypothesized that the nc surface increases with the RF field amplitude (presumably at “weak
links”).
Hysteretical Q vs. E curves  are observed for sc material in loose contact with the
substrate (welding beads in niobium sheet-metal cavities or peeled-off niobium flakes in
niobium sputter-coated cavities).  When the RF field amplitude is increased, these irregularities
switch to the nc state at a certain RF magnetic field amplitude, upon which the Q-value abruptly
goes down by a small amount, which corresponds to the tiny surface of the flakes.  When the
RF field amplitude is decreased, they remain in the nc state until the RF dissipation becomes so
small that the cooling is sufficient to put them back into the sc sate.
6 . 2 The Thermal Breakdown
Whereas in X-band cavities of relatively small surface, exposed to the RF field (some
square centimetres), high surface magnetic fields were obtained more than two decades ago,
this is not the case in larger cavities for accelerator application at lower frequencies.  It has long
been suspected that small nc surface defects with much higher RF losses, relatively widely
dispersed, were the origin.  If so, by statistical arguments, the probability of obtaining high
surface fields was much larger in small single-cell cavities of higher frequency.  Furthermore,
the number of tests performed with small cavities at high frequency was much larger, which
made a test result with a very high surface field more probable.
In some experiments at CERN, “hot spots” of enhanced RF loss causing breakdown
were detected and localized by temperature mapping, cut out and inspected under a scanning
electron microscope [23].  It turned out that, for accelerating fields less than ~ 8 MV/m (on
commercial grade niobium in 1980), a surface defect which had clearly induced the thermal
breakdown could be attributed to every “hot spot”.  They were welding “beads”, welding
holes, chemical residues, nc inclusions, of a diameter of typically 100 m m.
Fig. 14  Modelling the thermal breakdown (quench) caused by an nc defect, producing heat at a
rate Q.
Why do these defects cause a breakdown?
Let us examine a defect, represented by a half-sphere with radius r0 of nc metal exposed
to the RF field.  It is embedded in an sc metal of wall thickness d and thermal conductivity
(4.2 K) l  [Fig. 14 (left)], cooled by liquid He at temperature TB.  The defect represents a heat
source of strength Q [W].  Under certain assumptions (r0 << d, no temperature drop across the
metal–liquid interface), the problem is equivalent to a circular symmetric one with a heat source
of twice the strength Q, for which the heat conduction equation
∆T ≈ 2 Q λ( )δ r( ) (12)
is solved by
T ≈ Q / 2pir( ) + TB. (13)
The heat source strength is
Q ≈ 1 2( )RsnH2pir02 , (14)
where Rsn is the surface resistance of the nc metal and H the local magnetic surface field.
Hence
T ≈ 1 4( )RsnH2r02 / λr( ) + TB . (15)
Breakdown will occur when the temperature at the nc–sc interface (r = r0) approaches Tc.
This gives a condition for the maximum RF field Hmax [24,25],
Hmax ≈ 4 Tc − TB( )λ / Rsnr0( )[ ]1/2 , (16)
With typical values l  = 10 W/(mK), T B = 1.8 K, Rsn = 12 m W , r0  = 10–4 m, we
obtain Bmax = m 0Hmax = 20 mT, which corresponds to 5 MV/m accelerating gradient, in
qualitative agreement with the experimental results obtained a decade ago with reactor-grade
niobium.  Computer simulations have shown [26] that for a defect radius r0  > 20 m m,
l  £  75 W/(mK), Eq. (16) is correct to within 20%.
It becomes immediately clear that, to increase the maximum surface field Hmax, the
number and size of the surface defects have to be reduced, and, on the other hand, sc metal of
increased thermal conductivity must be made available (‘thermal stabilization’ of defects).  It
was found [25] that the thermal conductivity of niobium is most severely affected by interstitial
impurities such as oxygen, nitrogen and carbon.  These impurities could be considerably
reduced by repeated furnace treatments and/or solid-state gettering by wrapping a foil of metal
with a large affinity to these impurities around the cavity in a furnace at 1200–1400 ˚C.  Yttrium
and titanium were used as getter material [28,29].
Another way has been chosen which is to coat high-thermal-conductivity material such as
OFHC copper with a thin sc film of lead [28] or niobium3 of ~ 1–2 m m, which is thick
enough by far to carry the supercurrent.  As an example, LEP-type cavities sputter-coated with
niobium exhibit maximum accelerating fields and Q values comparable with niobium sheet
metal or even better.  Although occasional problems occur due to poor adhesion of the niobium
film to the copper substrate at contamination at the copper/niobium interface, these cavities are
not limited by a thermal breakdown.  In addition, they show almost no extra RF loss due to
trapped magnetic flux up to at least more than twice the Earth’s magnetic field, significantly
alleviating the task of obtaining a low residual surface resistance.
6 . 3 Electron Field Emission
Since the thermal stabilization of defects has been achieved, thermal breakdown of sc
cavities has become less frequent, so the maximum fields obtained are significantly increased.
Other breakdown phenomena, typical of higher electric fields, such as electron emission,
become more important.
Fig. 15  Diagnosing field emission in a 500 MHz monocell cavity (top left: temperature map
showing lines of temperature signals from electron impact; right: simulating electron kinematics
in the RF field;  bottom left:  deposited power density along line of electron impact; right:  the
instantaneous electron current within one RF half period (180° ) with the fit parameter b  = 833
and the emitting area A = 0.46 ·  10-14 m2.
Field emission of electrons from metallic surfaces is determined by the work function
and, according to the Fowler–Nordheim law, should occur only at very large electric fields
(~ GV/m).  However, from temperature mapping (cf. Section 6.1) of sc cavities it became clear
that field emission originates from isolated sites at surface fields which are lower by a factor b  ,
that is around 10 MV/m (Fig. 15 [21, 29, 30]).  The fit parameter b  is called the ‘field
enhancement factor’ and amounts to the order of several hundred.  The physical explanation for
this phenomenological factor is not understood.  DC field emission experiments have shown
that small (< 1 m m) isolated sites on niobium surfaces emit electrons [31].  There is no
evidence to believe that field emission observed in sc RF cavities is of a different nature.
Field emission electron loading in RF cavities can be understood on a statistical
basis [30].  The emitting sites are randomly distributed on the surface of the cavity with an
average spatial density depending on the preparation and treatment.  The intrinsic features of the
site (described by their b -value) are also statistically distributed:  large b -values are less
probable than small ones.  Large b -values mean that electron emission will start at low surface
electric fields.  To find an emitter with a large b -value is more probable in a cavity with a large
surface (low frequency) than in a cavity with a smaller one (high frequency).  Hence it is more
difficult to obtain large surface electric fields in a low frequency cavity.
In accordance with the preceding ideas very large surface electric fields (145 MV/m) have
been obtained in a niobium cavity in which the electric fields were concentrated into a small
area [32].  This observation indicates a lower limit for the maximum electric surface field
which could be obtained in a perfect niobium cavity.
Considerable progress in reducing the density of emission sites has been made in recent
years by heat treatment of cavities above 1400˚C [31] by operating the cavity in pulsed mode
with very high RF power [33], and by improving the rinsing methods (rinsing under high
pressure) [34].
7 . MATERIALS OTHER THAN NIOBIUM
It is evident that superconductors with a larger pairing energy D  (higher Tc), should allow
a smaller surface resistance at the same temperature, provided A (Eq. 11) is about the same.
This is the reason why both the conventional and new high-Tc superconductors such as Nb3Sn
and YBaCuO are also being investigated for RF applications.  The surface resistance of
commercially available niobium at 4.2 K is given by
RsBCS/n W  = 105 (f/GHz)2 exp(-18/(T/K))/(T/K).
For Nb3Sn-coated cavities (Tc = 18.1 K) we have
RsBCS/n W  = 105 (f/GHz)2 exp (-40/(T/K))/(T/K).
For comparison, the surface resistance for copper at room temperature is
Rs/m W  = 7.8 (f /GHz)1/2,
105 times larger than for niobium at 4.2 K and 350 MHz.  Consequently, the shunt impedance
is larger by the same factor for sc cavities.
As was already mentioned, materials with a high-enough Cooper pairing energy 2 D
would allow a considerable reduction of the BCS surface resistance.  According to the BCS
theory, D  is related to the critical temperature D  = 3.5 kTc.  Therefore, superconductors with a
higher critical temperature than niobium are being intensively studied.  Among them are the
well-known ‘old’ high-Tc superconductors, such as the B1 and A15 compounds NbN and
Nb3Sn.  The potential of attaining a low surface resistance in a Nb3Sn cavity is large, provided
that the residual surface resistance can be made sufficiently low (Fig. 16 [35]).  The critical
temperatures are T c = 17 K for NbN and 18.5 K for Nb3Sn.  Since their discovery in
1986 [36], the “new” high-Tc superconductors such as YBa2Cu3O7– d  (Tc = 93 K) [37] have
also been studied for RF applications.
Fig. 16  The surface resistance of niobium in comparison with the A15 superconductor Nb3Sn
Thin coatings of these materials on RF cavities are produced either by thermal diffusion
out of the vapour phase (Nb3Sn, NbN), by sputter deposition (NbN, NbTiN), by evaporation
(NbN), or by electrophoretical deposition in a high-static magnetic field from an organic
suspension of powdery sc material and sintering (YBa2Cu3O7-d ) [38].  The best results on RF
cavities (made completely from high-Tc materials) are shown in Table 3.
Table 3
















Nb3Sn/Nb DF 3.0 ~16.0 94.0 4.2 9.9 39
DF 0.5 ~0.5 11.0 4.2 4.9 40
NbN/Nb DF 4.5 ~500 690 4.2 2.3 41
NbTiN/Cu SpF 0.5 9.0 18.0 4.2 5.4 42
YBa2Cu3O7- d SiB 7.0 42 · 106 1.8 · 106 77 – 43
(a)
 D = diffusion, Sp = sputtering, Si = sintering of bulk material, F = film and B = bulk.
8 . TECHNOLOGICAL ACHIEVEMENTS FOR ACCELERATING CAVITIES
What matters in the end, from the standpoint of the accelerator builder at least, are the
characteristics of the accelerating structure in the accelerator itself.  It is here where the
achievements of the technology of RF superconductivity should pay off and have to be
assessed.  Table 4 gives the performance of RF structures being permanently operated in
electron accelerators.
In several laboratories accelerating gradients between 5 and 10 MV/m were obtained in
structures of 1 m length and more.  There is increasing evidence that structures, after being
installed in the accelerator, do not degrade.  At CERN, a LEP cavity has been operated in the
SPS for more than 10000 h without any irreversible degradation.  However, examples
demonstrating the opposite can also be given, after the structures have been tested in the
laboratory, equipped with additional components and moved to the accelerator.
The TRISTAN e+e- storage ring at KEK has been operated for several years with 32
500 MHz cavities to increase the energy of its beams  of 10 mA each.  The largest system of
sc cavities actually in operation is at CEBAF, with 338 five-cell 1500 MHz cavities delivering
800 MV RF voltage.
The working principle of acceleration of electron beams with sc cavities has been
demonstrated:  in several laboratories the installation of larger numbers is envisaged.  DESY
has installed 16 cavities in HERA, and CERN will upgrade LEP to be able to create W+W–
pairs in 1996 with 192 sc cavities, to complement the existing copper cavities.  The first four
modules (consisting of four four-cell cavities each) are installed and commissioned (Fig. 17).
Table 5
 RF superconductivity based accelerators or accelerators with sc cavities permanently installed












HEPL 1977 1.3 50 2.2 (a) 46
University of Illinois (MUSL-2) 1977 1.3 13 2.3(a) 47
CERN (SPS) 1988 0.35 16 7.1 48
Darmstadt (S-DALINAC) 1989 3.0 80 10.1 49
KEK (TRISTAN) 1989 0.5 200 >9.0 50
CERN (LEP) 1990 0.35 75 5 51
DESY (HERA) 1991 0.5 76 4 52
CEBAF 1994 1.5 800 8 53
(a) Structure design not multipactor-free
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1 0







































Fig. 17  Typical Q vs. Ea curves of individual four-cell cavities for LEP in horizontal test after
assembly into a module (no couplers).  The straight line gives the required performance.
9 . CONCLUSION AND OUTLOOK
The big advance of the last decade in RF superconductivity for electron accelerators was
the mastering of industrial fabrication and the putting into operation of larger numbers of
structures with gradients between 5 and 10 MV/m and for beam currents up to 30 mA.  Existing
and new accelerators are already based completely, or to a large extent, on this technology.  For
the future, one technological incentive is the application of RF sc structures for high-current
accelerators (particle “factories” [52]), and another is its application for high gradient
accelerators and TeV linear colliders [53], for example, the TESLA project (Fig. 18).  For
CERN’s CLIC project, a big fraction of the accelerator complex is based on sc RF
technology [54].  Superconducting RF technology is still far from its theoretically possible
limits, in particular after the discovery of high-Tc superconductors some years ago, leaving
room for considerable improvement of performance in the future.
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Fig. 18 After high pressure water rinsing and high peak power (HPP) radio-frequency
treatment at DESY’s TESLA Test Facility, promising accelerating fields have been produced by
prototype superconducting cavities (1.3 GHz) for a proposed TeV Superconducting Linear
Accelerator (TESLA).
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